Phylogenetic estimation method without determination of DNA sequence was developed. By this method, fragment length polymorphism separately digested with multiple restriction enzymes was measured using microchip electrophoresis and affiliated with those calculated from corresponding DNA sequence in the theoretical database. The phylogenies of 129 NO 3 À reducing bacteria newly isolated from field soils were estimated by this method, and were compared to those by carbon source utilization profiles and by comparative sequence analysis of 16S rDNA. Various bacteria such as Micrococcus sp. (one isolate), Acidovorax delofieldii (one isolate), Cupriavidus necator (one isolate), Burkholderia sp., (seven isolates), Commamonas acidovorans (two isolates), Herbaspirillum seropedicae (two isolates), Ralstonia sp. (six isolates), Pseudomonas spp. (14 isolates), and Acinetobacter spp. (one isolate), were affiliated as similar to those by sequence analysis of 16S rDNA, while exact affiliation of genus was difficult for those belonging to Enterobacteriaceae.
For the analysis of bacterial flora, differentiation and grouping, that sometimes affords a conclusion about relation between microbial ecology and function in environment, were more important than phylogenetical information on each individual isolate. Although comparative analysis of 16S rDNA sequences have become the most trustworthy method of estimating bacterial phylogeny, 1, 2) differentiation and grouping are obtained as the final results after DNA sequencing, homology search by BLAST or FASTA, and topological positioning. Moreover, DNA cloning method must be adopted instead of direct sequencing, when combination of temperate DNA and DNA primer is not suitable or different 16S rDNA is included in template DNA.
Restriction fragment length polymorphism (RFLP) analysis does not require such time-and resourceconsuming steps, and has an advantage over the analysis in differentiation of large numbers of microorganisms into groups in a short time under the same conditions. [3] [4] [5] [6] [7] [8] [9] [10] Multiple enzyme restriction fragment length polymorphism (MERFLP) analysis provides more exact differentiation based on microbial phylogeny and taxonomy. 11, 12) Although it was difficult to estimate phylogenies of unidentified bacteria by MERFLP, phylogenetic estimations rapidly became possible using our developed system and database. 13, 14) Agarose gel electrophoresis was found to be unsuitable in the analysis of bacterial flora, because fragment size measurements of 16S rDNA were too inaccurate and the manipulation was too complex to analyze large numbers of bacteria.
14) The microchip electrophoresis system, by which high resolution electrophoresis is completed within a short time, 15) appeared to be more suitable than agarose gel electrophoresis.
In the southern region of Kyushu, Japan, where intensive livestock farming is practiced in a limited area, the application of a large amount of livestock feces to forage crop fields led to NO 3 À leaching, which polluted underground water.
16) The development of a method to control NO 3 À leaching was required from the environmental point view. In the management of biological nitrogen sources, it is an initial step to determine what kinds of bacterial flora are changed by feces application. 17) In this study, phylogenies of 129 newly isolated bacteria involved in inorganic nitrogen turnover were estimated, and the results of the phylogeny estimation were certified by comparing them to those by carbon source utilization profiles, [18] [19] [20] and comparative sequence analyses of 16S rDNA.
Materials and Methods
Field soil and isolation of bacteria-reducing NO 3 À . Bacteria reducing-NO 3 À were newly isolated from two upland andosol field soils at Miyakonojyo, Miyazaki, Japan, in 1998: a field under a 10-year monoculture of corn supplied with liquid livestock feces (600 t ha À1 year À1 ), and the same field supplied with liquid livestock feces (120 t ha À1 year À1 ) twice a year from 1985. The feces was applied to the soil surface and mixed to a depth of 10 cm on 18 April 1998.
16) The bacteria were isolated from an adjoining andosol grassland and a neighboring area, that had been left fallow for more than 10 years.
y To whom correspondence should be addressed. Tel: +81-96-242-1150; Fax: +81-96-249-1002; E-mail: katsuji@affrc.go.jp Biosci. Biotechnol. Biochem., 73 (3), [479] [480] [481] [482] [483] [484] [485] [486] [487] [488] 2009 In the isolation of NO 3 À reducing bacteria, Giltays' medium, used in the isolation of denitrifying bacteria, 21, 22) was used with slight modifications. It was prepared by mixing medium A and medium B at pH 7.0. Medium A composed of the following components per liter: KNO 3 (2.0 g), l-asparagine (2.0 g), and 1% bromothymolblue (BTB) in ethanol (10 ml), medium B was composed of the following components per liter: sodium citrate (17.0 g), MgSO 4 . 7H 2 O (2.0 g), FeCl 3 . 6H 2 O (0.1 g), KH 2 PO 4 (2.0 g), and CaCl 2 . 6H 2 O (0.4 g). Serial 10-fold dilutions (10 À2 to 10 À7 ) prepared from soil (1 g fresh wt) were inoculated in test tubes (five replicates) including Giltays' medium, and a Duham tube, which were sealed aseptically with rubber stoppers. After 7 d of incubation at 28 C, the color change in BTB and gas production in Durham tube were checked for each tube. NO 3 À reducing bacteria were isolated from positive MPN tubes in each serial dilution series using an agar plate containing Giltays' medium.
The following reference strains were kindly provided by T ). The reference strain of Bacillus licheniformis (IFO 12107) was purchased from the Institute for Fermentation (Osaka, Japan).
Carbon source utilization profiles (Biolog). Biolog GN microtiter plate (Biolog, Hayworth, CA) 19) consisted of 95 wells with different substrates, and one control well without substrate was used to test carbon source utilization profile according to the manufacturer's manual. After 1 d and 4 d of incubation at 30 C, the OD 590 was measured with a microtitration plate reader (MAX line Microplate Readers, Molecular Devices, Hayward, CA). Affiliation by Biolog was represented by a similarity index. Manufacturer's manual suggested that species names were successfully identified when the index was over 0.5 after 24 h incubation.
MERFLP of amplified 16S rDNA. Chromosomal DNAs of isolates were prepared as described previously, and were purified by conventional methods. 14) Amplification of 16S rDNA was according to a former study 14) using a V2 forward primer (41f; 5 0 GCTCAGA-TTGAACGCTGGCG3 0 , corresponding to positions 22-41 of 16S rRNA gene of E. coli 23) ), and a V6 reverse primer (1066r; 3 0 GTCG-AGCACAACACTTTACA5 0 corresponding to the positions 1,066-1,085). 10, 24) PCR product (10 ml) was separately digested with 10 units of the restriction enzyme, Hae III, Hha I, or Rsa I (Takara Bio) in Low salt buffer solution (10 Â Low salt buffer, Takara Bio).
Fragment length measurement by microchip electrophoresis system. Fragment lengths of 12 samples were measured automatically using microchip electrophoresis system within 7 min (Cosmo-i SV1210; Hitachi Electronics Engineering, Tokyo). Measurement was basically according to the manufacturer's manual. Sample preparation was modified, and internal standards were prepared originally, in order to measure sizes and intensities of all the restriction fragments as correctly as possible. The sample was diluted with de-ionized water (10-fold for low salt buffer) before loading on i-tip DNA (IC-1000, Hitachi, Tokyo), a disposable electrophoresis capillary filled with gel, to decrease salt concentration (data not shown). A DNA fragment (65 bp; 5 0 GCTCAGATTGAACGCTGGCGACATTTCACAACACG-AGCTGGCTC-AGATTGAACGCTGGCGACATT3 0 ) was used as the lower internal standard, and the PCR product amplified with 41f/1066r primers was used as the upper internal standard after separation by agarose gel electrophoresis and purification with a Qiaex II Gel extraction kit (Qiagen, Hilden, Germany) ( Fig. 1 ), which were co-applied with samples. In the calibration of fragment sizes, 100 bp Ladder marker (100 bp to 800 bp; IC1000K, Hitachi) was used (Fig. 1) .
Theoretical multiple enzyme restriction fragment lengths (MERFL) database used in the estimation. Theoretical MERFL database was edited using a system developed by Watanabe and Okuda, 13) as described previously. 14) For 41f/1066r primers, 4,370 sequence files having a DNA region between the same reverse and forward primers used in the sample analysis (post-amplification sequence files), which were constructed from 576 bacterial genera, and 143 uncultured and 34 unidentified bacteria, were re-edited from 20,952 small subunit rRNA files in RDP II release 7.01 25) under 5-base mismatches in both primer annealing sites. The theoretical MERFL database was Lane 1, internal standards (lower standard 65 bp; upper standard the PCR product before digestion described in Materials and Methods). Lane 2-11, internal standards plus 16S rDNA digested by Hha I. Lane 12, internal standards plus size markers (100 bp ladder markers).
constructed from 4,370 post-amplification sequence files for the 41f/1066r primers. Restriction sites having unread bases were ignored, and data on the restriction enzymes, DNA primers, and fragment lengths were automatically obtained from the post-amplification sequence files.
Phylogenetic estimation and representation by the developed system. 13, 14) The pairwise distance (D AB ) between the measured RFLP(A) and the theoretical RFLP(B) was calculated by the following equation:
where N A and N B are the numbers of fragments of the RFLPs, and N AB is the number of shared fragments of same sizes within a allowance limit for measuring error according to Nei and Li. 26) The pairwise distance of the MERFLPs (D ABME ) was an average of all the D ABs for used restriction enzymes. Similarity (%) was ð1 À D ABME Þ Â 100.
In similarity search process, the data processing described in an earlier paper 14) was used, and fragments smaller than 100 bp were eliminated from the theoretical and measured MERFLs, because there were many fragments smaller than 100 bp, which were misread over 10% allowance limit of the measuring error. 14) Following data processing was used in addition: Fragments originating from the minor gene or unselectively amplified DNA or noise were differentiated from fragments originating from homogeneous 16S rDNA and eliminated as follows: When the sum of the fragment sizes did not exceed the original 16S rDNA length (1,070 bp AE measuring error), the length of the selected fragments, which had higher relative mole concentrations (ratio of fluorescent intensity to fragment size), were summarized.
In the representation process, five theoretical MERFLPs having the smallest D ABME to the measured MERFLP were selected from all the theoretical MERFLPs. Using all the saved measured, and selected theoretical MERFLP data, a tree was constructed from distance matrices of their D ABME by the unweighted-pair-group method with arithmetic mean (UPGMA), which represented the summarized results of the similarity searches (Figs. 2-9).
Prediction of restriction enzymes suitable for MERFLP analysis.
The pairwise distances of the MERFLs were calculated by UPGMA using the theoretical MERFLs for 41f/1066r primers, 13) and those of the DNA sequences were calculated using the post-amplification sequence for 41f/1066r primers 13) after multiple sequences alignment by Multiplealignment 32 in GENETYX software package (Software development, Tokyo), and UPGMA. The following post-amplification sequences and MERFLs were used: Haemophilus parasuis (AB004030; 1,064 bp), Azorhizobium caulinodans (Azr.cauli3; 1,005 bp), A. xylosoxidans (D88005; 1,058 bp), Serratia rubidaea (AJ233436; 1,064 bp), E. coli (E.coli6; 1064 bp), Enterobacter agglomerans (Z96082; 1,062 bp), Xanthomonas fragariae, (Xan.fragar; 1,068 bp), P. stutzeri (U22427; 1,058 bp), Duganella zoogloeoides (Dg.zooglo6; 1,057 bp), Dehalococcoides ethenogenes (AF004928; 1,035 bp), Fibrobacter succinogenes (Fib.sucBL2; 1,042 bp), Eubacterium ruminantium (Eub.rumina; 1,068 bp), Fusobacterium gonidiaformans (Fus.gonidi; 1,030 bp), Bacillus mycoides (X55061; 1,073 bp), Desulfitobacterium hafniense (X94975; 1,085 bp), Mycoplasma flocculare (M.floccul2; 1,067 bp), and Flexibacter aurantiacus (Flx.aurant; 1,044 bp) ( Table 1) .
Determination of 16S rDNA sequence. From the chromosomal DNA, 16S rDNA was amplified using the same DNA primers and PCR conditions as those used in the MERFLP analyses. Amplified 16S rDNA (about 1,070 bp) was excised on a 1.5% agarose gel containing 1 mg/l of ethidium bromide, and extracted with Qiaex II Gel Extraction Kit (Qiagen). The purified DNA was dissolved in TE solution (20 ml), and then partial DNA sequence was determined with a DNA sequencer (Model 373A; PE Applied Biosystems, Boston, MA) using PRISM Dye Terminator Cycle Sequencing Ready Reaction Kit (PE Applied Biosystems).
Nucleotide sequence accession numbers. The sequences determined were deposited in DDBJ nucleotide sequence database under accession nos. AB429011 to AB429047 (Table 2) .
Results

Correlation analyses between the pairwise distances of MERFLs and DNA sequences
In order to predict suitable combinations of restriction enzymes for phylogenetic estimation, correlations between the pairwise distances based on the MERFLs 13) and those based on the DNA sequence were calculated. The results of correlation analyses (17 data points) between the pairwise distances, based on theoretical MERFLs and those based on post-amplification sequences are listed in Table 1 . There was a higher correlation between the pairwise distances based on Hae III restriction fragment lengths (RFLs) and Hha I RFLs and based on the DNA sequences (Hha I, r=0.676, and Hae III, r=0.601) ( Table 1 ). The higher the numbers of restriction enzymes used, the higher the correlation coefficients became (one enzyme, r=0.499; two enzymes, r=0.599; three enzymes, r=0.762; four enzymes, r=0.859) ( Table 1) .
Phylogenetic estimation by MERFLP and certification by Biolog and 16S rDNA sequence
Thirty-one NO 3 À reducing bacteria, which were identified as Betaproteobacteria by MERFLP using Hae III, Hha I, and Rsa I, are summarized in Figs of reference strains (A xylosoxidan, IAM 12370
T , and C. necator, IAM 12368 T ) were placed in the same positions as those of the corresponding theoretical MERFLs (Fig. 3) . Since lengths of determined 16S rDNA sequences were not sufficient for identification of species (Table 2) , the identification of the genera by comparative sequence analyses was consistent with those by MERFLPs.
Four NO 3 À reducing bacteria, which were identified as Arthrobacter sp. (one isolate), Micrococcus sp. (one isolate), Staphylococcus sp. (one isolates), and Bacillus sp. (one isolate), were summarized in Fig. 4 . Although Micrococcus lylae (X80750) was selected as the closest theoretical MERFL for 4.0.522, it was not properly placed on the summarized UPGMA tree (Fig. 4) . Fifteen NO 3 À reducing bacteria, which were identified as Acinetobacter sp. (two isolates), and Enterobacteriaceae (13 strains), are summarized in Fig. 5 . Identification of Enterobacteriaceae was difficult by comparative analysis of 16S rDNA sequence, but Biolog suggested that most of the isolates were Salmonella sp. The Firmicutes and Acinetobacter were not grown on BUGM agar, and could not be affiliated by Biolog.
Seventy-nine NO 3 À reducing bacteria, which were identified as Pseudomonadaceae by MERFLP, are summarized in Figs. 6-9. They were roughly differentiated into four groups by MERFLP.
MERFLs 3 .00.53, and 4.60.62) were entirely identical to the theoretical MERFLs of P. fragi, P. azotoformans, P. mucidolens, P. pavonaceae, P. synxantha, P. taetrolens, P. stutzeri, P. asplenii, P. tolaasii, and P. viridiflava (Fig. 6) . Those of reference strains, P. stutzeri (IAM 12931 and IAM 12097), and P. fluorescens (IAM 12022), were (Fig. 6) . Strains 1.60.61, 2.60.55, 3.12.53, 3.60.60, 3.60.64, and 3.60.65 made up a coherent cluster with the theoretical MERFLs of P. amygdali and P. chlororaphis (Fig. 6) . Strains 1.60.51 and 4.60.71 also made up a cluster with the theoretical MERFLs of P. veronii, P. jessenii, and P. putida (Fig. 6 ). This group was assumed to consist of various Pseudomonas spp., because the affiliations by comparative analysis of 16S rDNA sequences, and those by Biolog also suggested that this group consist of various Pseudomonas spp. (Fig. 6, Table 2 ).
Strains 2.12.53, 2.12.55, and 2.60.52 were entirely identical to the theoretical MERFL of P. riboflavina, and strains 3.0.54, 3.12.44, and 3.12.51 were identical to those of P. rhodesiae, P. agarice, P. marginalis, and Marinomonas protea (Fig. 7) . Strain 2.12.42 belonged to this group, 2.12.61 was close to the theoretical MERFL of P. cichorii, and 2.60.51 was close to that of P. fluorescense (Fig. 7) .
Since there was only one measured MERFL (3.0.52) in the third group that was entirely identical to theoretical MERFL using three restriction enzymes (Hae III, Hha I, and Rsa I), two restriction enzymes (Hae III and Rsa I) were used in the summarized UPGMA tree (Fig. 8) (Fig. 8) . That of reference strain (P. stutzeri IAM 12668) was placed in this group. Although the group was identified as P. fluorescens by Biolog (Fig. 8) , the members were assumed to be P. fragi or P. stutzeri. Strains 1.0.51, 1.12.43, and 4.0.42 were entirely identical to the theoretical MERFLs of P. citoronellolis and P. resinovorans, and strain 4.0.54 also belonged to this group (Fig. 8) . Although the measured MERFLs of strains 2.0.43, 3.00.44, and 3.00.45 were different from these theoretical MERFLs using two restriction enzymes (Hae III and Rsa I), they become entirely identical to these theoretical MERFLs using the other restriction enzymes (Hae III and Hha I).
Most of the fourth group (1.12. 3 .60.63, and 4.60.52) was entirely identical to the theoretical MERFLs of P. ayucida, P. alcaligenes, P. fluva, P. putida, P. straminae, P. oleovorans, P. pseudoalcaligenes, and Flavimonas oryzihabitans (Fig. 9) . Strains 2.60.41, 2.60.42, 2.60.44, 3.60.43, 3.60.45, 4.0.45, and reference strain, P. putida IAM 1236 belonged to this group (Fig. 9) . Since most of them were identified as P. putida by Biolog and one of them was identified as P. putida by comparative analysis of 16S rDNA sequences (Table 2) , the fourth group was perhaps P. putida.
Discussions
Theoretically, the more the number of used restriction enzyme increases, the more phylogenetic estimation based on MERFLP becomes close to those based on comparative DNA sequence analysis, and thus phylogenetic estimation becomes more reliable (Table 1) .
However a former study indicated that the addition of one more restriction enzyme did not always improve phylogenetic estimation by MERFLP, 14) because the probability of misreading fragment sizes also increased at the same time when we used agarose gel electrophoresis. 14) The inconsistency between the measured MERFL and the corresponding theoretical MERFL caused by mis- The strain numbers and the theoretical MERF are represented as shown in Fig. 2 . The bar indicates the pairwise distances calculated by Nei and Li (1979) . Results by 16S rDNA sequence are indicated in parenthesis . reading had no serious effect on the proficiency of similarity search, but it had a serious effect on positioning in representation process using UPGMA. 14) Because the misread MERFLs constructed their own clusters separately from the corresponding theoretical MERFLs, which disturbed accurate phylogenetic positioning in representation process, we mainly used two restriction enzymes (Hae III and Hha I) in the former studies, where 55 strains out of 81 Bacillus strains (67.9%) and one strain out of 38 Gram-negative bacteria (2.6%) were entirely identical to the corresponding theoretical MERFLs (100% similarity) when a 10% allowance limit of the measuring error was permitted. 14) When a microchip electrophoresis system instead of agarose gel electrophoresis was used, 60 measured MERFLs were entirely identical to the corresponding theoretical MERFLs, and 12 measured MERFLs included fragments misread over 10% allowance limit, which became entirely identical to the corresponding theoretical MERFLs when the allowance limit was set 14%. Thirty-three MERFLPs became entirely identical to the corresponding theoretical MERFLs by removing one of the three RFLPs without changing results of similarity search using three restriction enzymes.
These inconsistencies between the measured and theoretical RFLs were caused mainly by the difference between 16S rDNA sequences of isolates and those registered in database. In this study, theoretical MERFL database including 4,370 MERFLs, which was re-edited from RDP II release 7.01, was used. 25) By increasing the number of registered theoretical MERFL database using the new version of RDP II, 27) these inconsistencies can be minimized.
Since phylogenetic estimation by our method was completed within 20 ss for 1,070 bp, our method might offer some advantages over sequence analysis using BLAST 28) and multiple alignments 29, 30) when large numbers of bacterial phylogeny must be estimated in a short time. Since the system is a basic key technology, a more advanced system with higher potentiality, by which phylogenetic information on bacterial flora and their individual numbers can be obtained without isolation of bacteria, can be developed based on the present system. This will be presented in a subsequent manuscript.
Two microbial processes to reduce NO 3 À contents in soils have been reported. 22, 31) One is respiratory denitrification, where nitrate is respiratory reduced to N 2 O or N 2 by denitrifying bacteria such as Acinetobacter sp., Alcaligenes sp., Agrobacterium sp., and Pseudomonas sp. 31) and the other is dissimilatory reduction of nitrate to ammonium (DNRA) by obligatory anaerobic or facultatively anaerobic bacteria such as Clostridium sp., and all of the Enterobacteriaceae.
31) The two reactions occur under the same conditions and are regulated by O 2 . DNRA becomes more significant than denitrification in environments where the available carbon/electron acceptor ratio is high, such as in bovine rumen, an activated sludge digester, and in some sediments. 22) By this method, both types the NO 3 À reducing bacteria, denitrifying bacteria and DNRA bacteria, 22) are assumed to be isolated. Among the bacteria isolated, group Enterobacteriaceae was considered to be DNRA bacteria, 31) and the other groups were to be denitrifying bacteria.
32) The summarized results of flora analysis suggest that bacteria identified as Enterobacteriaceae were isolated from adjoining andosol grassland, 120 t applied soils, and 600 t applied soils, where the spraying of feces might have influenced the microbial flora, and that those identified as P. putida were isolated from adjoining andosol grassland and 600 t applied soils (Table 3) . Since most of Enterobacteriaceae were identified as Salmonella sp. or E. coli or Vibrio sp., they were probably non-indigenous soil bacteria or the rumen bacteria of livestock, which might have originated from liquid livestock feces. While ratios of Betaproteobacteria and P. stutzeri in the above soils were smaller than those in the Neighboring fallow (0 t area), where application of feces had no influence on the microbial flora (Table 3) , Betaproteobacteria and P. stutzeri were assumed to be indigenous soil bacteria. The present results explain our former suggestion that various kinds of non-indigenous bacteria, such as Gram-negative proteolytic bacteria 14) and non-bacillus polymyxin B resistant bacteria, 16) were introduced from liquid livestock feces and survived for several months. 16, 33) The present results suggest that these floral changes might influence the inorganic nitrogen turnover in field soil.
